Abstract: Five essential oil compounds in four doses (0, 50, 500, and 2000 mg kg −1 of fresh forage) were sprayed on ryegrass forage before ensiling. Thymol, eugenol, and cinnamaldehyde at 2000 mg and carvacrol at 500 and 2000 mg inhibited deamination. Cinnamaldehyde at 2000 mg resulted in silages with 9.8% higher true protein.
Introduction
Agriculture is the main contributor of nitrogen (N) pollution in the environment, and the increased efficiency of N use in crop and animal production is a key factor for sustainable N management. Ryegrass is the predominant forage grass, and it is usually ensiled. In the growing plant, approximately 75-90% of the N is in the form of true protein nitrogen (TPN), but this figure is closer to 30-50% in silages due to the extensive protein degradation to peptides, amino acids, and ammonia (Owens et al. 2002) . The enzymatic activity of plant enzymes is suggested to be the main cause of protein degradation in silages. In addition, lactic acid-producing bacteria (LAB), enterobacteria, and clostridia present in silages have proteolytic activity and may contribute to the process. Several essential oils (EOs) have been suggested to inhibit protein degradation either through their antimicrobial activity or through the inactivation of enzymes (Calsamiglia et al. 2007) .
The first attempt to use EO in silage preparation reported no effects (Kung et al. 2008) . However, the low dose of a commercially available mixture of EO used (40 and 80 mg of EO kg −1 of fresh forage) and the selection of maize as the ensiling crop limited the possibility of EO to affect protein degradation during ensiling. Recently, Chaves et al. (2012) tested increasing doses (125, 250, and 400 mg of EO kg −1 of fresh forage) of EO of cinnamon leaf, oregano, and sweet orange on barley silage. However, similar to maize silage, the low protein content of these crops limits our understanding of potential effects of EO compounds on silage protein degradation. Therefore, the objective of this study was to evaluate the effect of the addition of EO compounds on protein degradation of ryegrass silage.
Materials and Methods

Microsilos preparation and treatments
Fresh Italian ryegrass forage (Lolium multiflorum) was harvested as a first cut from a commercial farm in Vic (Barcelona, Spain) on 6 consecutive days. An early vegetative stage was chosen to ensure high protein content in the plant. The field was divided into six equal plots and each day a different one was used. The grass was harvested at 20-30 cm length and 5-10 cm above ground using a harvesting machine (Sterwings, Germany), and duplicate samples from each plot were frozen at -20°C for further analysis. The grass was ensiled within 2 h to avoid protein degradation during wilting. Several EO compounds were reported to affect protein degradation in rumen microbial environment (Calsamiglia et al. 2007 ). Therefore, we tested thymol (THY), eugenol (EUG), cinnamaldehyde (CIN), capsaicin (CAP), and carvacrol (CAR) in four doses 0, 50, 500, and 2000 mg kg −1 of forage. Doses were selected based on previous research (Kung et al. 2008; Chaves et al. 2012) , and the highest dose was intended to provide an upper limit of antimicrobial activity. In total, 20 ensiled treatments were developed: THY0, THY50, THY500, THY2000, EUG0, EUG50, EUG500, EUG2000, CIN0, CIN50, CIN500, CIN2000, CAP0, CAP50, CAP500, CAP2000, CAR0, CAR50, CAR500, and CAR2000. Four replicated microsilos for each treatment were prepared in 2 consecutive days. Each day, two microsilos of each treatment were prepared. In total, 80 microsilos were prepared as follows: the fresh forage was manually chopped with paper cutters to 2 cm average particle size and 2 kg were weighed for each microsilo. Corresponding doses for each EO were dissolved in 50 mL ethanol (99.5%, Sigma Aldrich) and sprayed on the fresh forage. The control (CTR) microsilos were also sprayed with the equivalent amount of ethanol (25 mL kg −1 of forage). The sprayed material was directly ensiled in polyester bags sealed with an automated vacuum machine (EVA-9, Technotrip, Terrassa, Spain).
Sampling, chemical, and microbial analyses
After 35 d of ensiling in ambient temperature, each microsilo was opened, and the silage was thoroughly mixed and sampled. Silage and forage juice was extracted after blending 25 g of material with 225 mL of distilled water for 60 s in a high-speed blender and filtering the slurry through a Whatman filter paper no. 54. The pH of the filtrate was measured immediately. For the determination of dry matter (DM), 250 g of silage or forage were placed in duplicate in the oven for 48 h at 60°C. The dried material was ground with a cutting mill (SM 2000, Retsch GmbH, Germany) to 1 mm for further analysis. The Kjeldahl method (976.05; AOAC 1990) was used to determine total N (TN). Nonprotein nitrogen (NPN) was analyzed in the juice after precipitation of true protein with trichloroacetic acid (TCA), and TPN was calculated by difference (TPN = TN−NPN). To determine TCA-N, 4 mL of a 500 g L −1 TCA solution were added to 16 mL of filtered silage juice. To determine tungstic acid (TA) soluble N (TA-N), 4 mL of a 100 g L −1 sodium tungstate solution and 4 mL of 1.07 N sulfuric acid were added to a 16-mL sample of filtered juice. After 4 h at 5°C, tubes for TCA-N and TA-N were centrifuged at 9000 g for 15 min. The supernatant was stored and frozen at -20°C until N analysis by the Kjeldahl procedure. Ammonia-N was analyzed in a 4-mL sample of filtered juice that was acidified with 4 mL of 0.2 N HCl and frozen. Samples were centrifuged at 15 000 g for 15 min, and the supernatant was analyzed by spectrophotometry (Libra S21, Biochrom Technology, Cambridge, UK) for ammonia-N (Chaney and Marbach 1962) . Results were used to calculate large peptides (LPep = TCA-N−TA-N) and small peptides (SPep) plus amino acids (SPep = TA-N−ammonia-N) as proposed by Winter et al. (1964) . Samples for lactic acid analysis were prepared as described by Jouany (1982) and analyzed by gas chromatography: 1 mL of a solution made up of a 2 g L −1 solution of mercuric chloride, 2 g L −1 of 4-methylvaleric acid as an internal standard, and 20 g L −1 orthophosphoric acid were added to 4 mL of silage juice and frozen. Before analysis, samples were defrosted and centrifuged at 15 000 g for 15 min. The supernatant was derivatized by N-methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA, Sigma Aldrich) and incubated for 30 min in a dry bath at 80°C. Vials were kept at room temperature for 72 h before being analyzed by gas chromatography (model 6890, Hewlett Packard, Palo Alto, CA, USA) using a polyethylene glycol nitroterephthalic acid-treated capillary column (BP21, SGE, Europe Ltd., Bucks, UK). Note: Values with lowercased italic letters are significantly different from control (P < 0.05 and P < 0.01, respectively). TN, total nitrogen; NPN, nonprotein nitrogen; NH 3 -N, ammonia nitrogen; SPep, small peptides; LPep, large peptides. 
Statistical analyses
All statistical analyses were conducted with the PROC MIXED procedure of SAS. Data were analyzed separately for each EO compound and the statistical model accounted for the fixed effect of treatment (0, 50, 500, and 2000 mg kg −1 of forage) and the random effect of day (1 and 2). Differences between means of treatments were tested using the Dunnett option, and significance was declared at P < 0.05.
Results
The addition of CAP had no effect on silage characteristics and protein degradation, and, therefore, results are not shown. Unwilted ryegrass forage had low DM content (125 ± 2.0 g kg −1 of forage)−high TN (39.5 ± 5.0 g kg −1 DM) with only 5.1 ± 0.44% of TN in the form of NPN. As intended, the overall proteolysis in silages was high, resulting in silages with on average 55% of TN in the form of NPN. The most important pool of NPN in silages was the SPep pool ranging from 15.9 to 24.1 g kg −1 DM ( Table 1 ). The only treatment that decreased overall protein degradation was CIN2000 as indicated by the lower NPN (P = 0.009) and SPep (P = 0.01) concentration, resulting in silages with 9.8% more TPN (P = 0.01). The highest dose of all EO compounds decreased the concentration of ammonia-N, suggesting an effect on amino acid deamination. The addition of CAR also decreased ammonia-N in the dose of 500 mg kg −1 of forage (1.8 vs. 1.2 g kg −1 DM for CAR0 vs. CAR500, respectively). The high moisture content of the forage resulted in low DM content of silages (averaged 119 ± 4 g kg −1 of silage). pH of CTR silages ranged from 5.60 to 5.80. Silage pH was affected by the addition of THY2000, CAR500, and CAR2000 (P < 0.05). Counts of clostridia of EOtreated silages did not differ from the corresponding CTR silages, but counts of LAB were lower for EUG2000 (P = 0.01), THY2000 (P < 0.001), and tended to be lower for CIN2000 (P = 0.07) compared with corresponding controls. Lactic acid concentration was lower for THY2000 (P < 0.0001), CAR500, and CAR2000 (P < 0.001) compared with the corresponding controls ( Table 2 ).
Discussion
Our principal objective was to investigate if the addition of EO compounds can affect protein degradation during ensiling. To do so, it was necessary to isolate this factor and provoke extensive proteolysis during ensiling; therefore, ryegrass forage used in this study was not wilted. As expected, this resulted in silages with low DM but also with extensive protein degradation.
The addition of EO compounds tested at high dose (2000 mg kg −1 of forage) reduced ammonia-N concentration, with the exception of CAP, suggesting an inhibition Note: Values with lowercased italic letters are significantly different from control (P < 0.05 and P < 0.01, respectively). DM, dry matter; LAB, lactic acid bacteria.
a Concentration of eugenol (EUG), cinnamaldehyde (CIN), thymol (THY), and carvacrol (CAR): 0, 50, 500, and 2000 mg kg −1 of forage.
of deamination. Similar activity of these EO compounds has been reported in the rumen microbial environment, and it was attributed to their strong antimicrobial properties (Cardozo et al. 2004; Busquet et al. 2005; Castillejos et al. 2006) . Moreover, Chaves et al. (2012) reported reduced counts of total flora with the addition of cinnamon oil (5.1 and 5.3 vs. 6.6 log 10 CFU g −1 of silage for 250 and 400 mg kg −1 of cinnamon oil and CTR, respectively). In the present experiment, CTR silages had similar LAB populations to those observed in other studies (Whiter and Kung 2001; Schmidt et al. 2009 ), but EUG2000 and THY2000 reduced and CIN2000 tented to reduce counts of LAB suggesting the antimicrobial activity as the mechanism of action. Further, this led to increased pH of THY2000 silages. On the other hand, CAR did not reduce LAB and CIN had an overall effect on protein degradation resulting in silages with lower NPN and higher TPN, suggesting that the antimicrobial action cannot be the mechanism of action for CAR and only partly can explain that of CIN.
Phenolic compounds of EO, such as CIN and CAR, can interact with proteins and enzymes through hydrogen bridges and ionic or hydrophobic interactions resulting in their inactivation. Wendakoon and Sakaguchi (1995) demonstrated that CIN could bind proteins and inhibit the enzymatic activity of Enterobacter aerogenes, and Fujita et al. (2006) reported that CIN inhibited the action of phenylalanine ammonia-lyase, an enzyme responsible for the browning of vegetables. It is demonstrated that plant enzymes are responsible for part of protein degradation during ensiling; therefore, present results might indicate that CIN and CAR mediate their action by inhibiting the enzymatic activity of plant enzymes.
The present study suggests that besides the already established effects of plant enzymes, microbes are also responsible for the high degradation of proteins during ensiling, and especially for amino acid deamination. For the majority of EO compounds, doses of 2000 mg kg −1 fresh silage are required to inhibit deamination during ensiling, with the exception of CAR, in which these effects were observed at 500 mg kg −1 of forage. However, high dose of EO could affect negatively the ensiling process increasing pH, and decreasing LAB and lactic acid concentration. Further, CIN was the only EO compound that affected proteolysis resulting in silages with higher TPN.
